Microbial populations as well as they biochemical activities are important components of environmental ecosystems, including the human microbiome. Deciphering the genomic content of these complex mixes of species is an important challenge but is essential to fully understand the regulation of their ecological balance. Here we apply meta3C, an experimental and computational approach that exploits the physical contacts between chromosomes to characterize large genomic regions of bacterial species mixed together, on a truly complex ecosystem: the mouse gut microbiota. Meta3C, which was initially described and applied onto controlled mixes of microorganisms, allowed the de novo assembly and scaffolding of numerous bacteria present into this natural mix. Importantly, the scaffolds analyzed exhibit the structural properties expected from typical bacterial chromosomes.
Introduction
The collisions experienced by DNA segments belonging to one or several chromosomes and constrained within a cellular compartment generate unique physical 3D signatures that can be exploited to improve genomic analyses (Flot et al., 2014; Marbouty and Koszul, 2015) .
Such "contact genomics" approaches have recently been used to improve haplotype phasing (Selvaraj et al., 2013) and chromosome scaffolding (Burton et al., 2013; Kaplan and Dekker, 2013; Marie-Nelly et al., 2014a) as well as to annotate genomes (Marie-Nelly et al., 2014b) , and have shown promising perspectives in the field of metagenomics. Using controlled mixes of microorganisms, we (Marbouty et al., 2014) and others (Beitel et al., 2014; Burton et al., 2014) showed that, indeed, the genomes of species present into a mix could be partially characterized through a clustering analysis of DNA contacts quantified using chromosome conformation capture (3C) (Dekker et al., 2002) . The original proof-of-concept meta3C analysis was performed on both controlled mixes and onto a semi-natural unknown mix of microorganisms (Marbouty et al., 2014) . The blind analysis of the meta3C paired-end reads gave promising results: briefly, the reads were used to generate a de novo assembly, and the paired-end information was exploited to pool the resulting contigs into communities through a partition detection algorithm Marbouty et al., 2014) .
Contigs within each community were then scaffolded into large chromosomal regions using our homemade program GRAAL (Marie-Nelly et al., 2014a) . The meta3C on the unknown semi-natural environmental sample showed that large amounts of DNA segments could be associated as part of an intricate network of 3D interactions and called for the analysis of truly natural, complex ecosystems. Here, we show that meta3C indeed fulfills its promises when it comes to a truly natural, complex microbial community: the mouse gut microbiome.
From a set of two meta3C libraries generated with two frequent cutter enzymes recognizing either GC or AT-rich sequences, we were able to characterize de novo near-complete or important portions of the genome sequences from species present within the mix. Meta3C therefore paves the way to the full characterization of gene content of bacteria present in complex communities, including its dynamic changes resulting from transfers of genes, plasmids, or phages.
Results and discussion
We collected feces of healthy control mouse (C57BL/6) from the Institut Pasteur animal facility and processed them using two meta3C protocols that solely differed by the restriction enzyme, HpaII (CCGG) or MluCI (AATT) ( Figure 1A ; Marbouty et al., 2014) . As discussed in the perspectives of our original publication, we expected that using two enzymes differing in the GC content of the corresponding restriction sites (RS) would improve the equal coverage of contacts for GC-rich and AT-rich genomes. The two libraries were paired-end (PE) sequenced on an Illumina NextSeq machine (2x65bp), with 114 and 71 million PE reads for libraries HpaII and MluCI, respectively. Reads from both libraries were then pooled and assembled into contigs using the IDBA-UD program (Peng et al., 2012) , resulting in 373,363 contigs (cumulated size: 580 Mb, N50: 3,783 pb, max size: 490Kb, mean size: 1,402bp). This assembly was analyzed at the taxonomic level using the MG-RAST pipeline (Meyer et al., 2008) . As expected from a gut metagenome, the major clades in the sample were Clostridia (65%) and Bacteroidetes (15%) ( Figure 1B ; Langille et al., 2014) .
Interestingly, a similar analysis performed on the DNA sequences using the Kraken program (Wood and Salzberg, 2014) confirmed these results but also showed that the major part (ca. 80%) of the DNA sequences could not be attributed to a sequenced organism (data not shown).
The contigs were then split into 1-kb fragments. This step had two objectives: first, to alleviate the impact of potential misassemblies arising during the assembly step; second, to normalize the contact signal with respect to the influence of contig size on their representation. Contigs under 500bp were discarded, leading to a global set of 553,000 contigs corresponding to an assembly of 520Mb ( Figure 1C ). Importantly, small contigs discarded at this step can still be exploited later during the analysis (see below). Reads from both meta3C libraries were fused and aligned against these contigs, generating a large network (553,000 nodes, 46 million edges). In order to identify subnetworks likely to correspond to DNA molecules sharing the same cellular compartment (Marbouty et al., 2014) , this network was segmented into 47,140 communities (in a network analysis sense) using the Louvain clustering algorithm (Blondel et al., 2008; Material and Methods) . 42,613 communities contained only one contig (~4% of the total DNA), while 4,527 contained two contigs or more with a cumulated DNA content ranging from 2kb to 6Mb ( Figure 1C ).
Overall, 465 Mb (~90%) were contained within 317 communities ranging in size from 0.5Mb to 6Mb. The size of the DNA content of the communities identified in the meta3C data are consistent with the range of genome sizes commonly found among bacteria (from 500 Kb to 10 Mb; Islas et al., 2004) . The 173 communities containing 1Mb or more were plotted as a contact map with fixed-size bins ( Figure 1D ). Interestingly, the strong influence of the choice of the restriction enzyme on the representation of the contigs appeared clearly when the same contact map was binned as a function of a fixed number of restriction fragments for each enzyme ( Supplementary Figure 1.1 ). Under this representation the size occupied by a community is directly correlated with its average GC content: contigs presenting a high GC content are frequently split by an enzyme recognizing a GC-rich RS, while an enzyme recognizing an AT-rich RS will restrain the visibility of these contigs during the 3C experiment (Cournac et al., 2015; Imakaev et al., 2012) . For each enzyme, the normalized percentage of contacts exploited to generate one community was computed ( Supplementary Figure 1.1C ).
This experiment illustrates the interest of combining two different restriction enzymes to perform a meta3C experiment.
By design, the Louvain algorithm does not attribute a node to several communities.
Interestingly, when the segmentation was performed twice on the same network some nodes were attributed to distinct partitions, suggesting these communities shared the sequences represented by these nodes. In order to estimate the likelihood that a contig equally connected to numerous subnetwork will be attributed to its appropriate community/ies, Louvain clustering was run five times independently on the same dataset, exploiting the inherent non-deterministic nature of this algorithm ( Figure 1E ). This process allowed us to characterize core communities, i.e. sets of contigs that systematically clustered together during the five iterations ( Figure 1C and Figure 1E -blue squares). 76 core communities encompassing more than 1Mb were detected ( Figure 1E In order to further investigate the significance of these overlapping communities and assess their genomic content, a de novo assembly step was performed for six of them as follow ( Figure 2A and Supplementary Figure 2 .1). First, all the meta3C PE reads from the original libraries were aligned against the set of contigs of each community (parameters: --local -fast). All read pairs for which at least one read aligned against one of the contigs were retained for a de novo assembly using IDBA-UD (N50 from 1.3 Kb to 24 Kb; Table 1 ). For each community the GRAAL scaffolding program was then run for 10 iterations (Marie-Nelly et al., 2014a) (Table 1) . Remarkably, GRAAL assembly resulted in an impressive increase in the N50 which jumped to the megabase scale for 5 of the 6 communities ( Figure 2B ) (for the sixth community, one large scaffold was retrieved (6.7 Mb) that did not cover half of the assembly).
Each large scaffold obtained at this step was then individually reanalyzed in order to check for DNA fiber continuity. Remarkably, the pattern displayed by the contact maps of these scaffolds appeared highly consistent with published bacterial genomic contact maps (Le et al., 2013; Marbouty et al., 2014 Marbouty et al., , 2015 . First, the main diagonal displayed an enrichment in local contacts, resulting from the fact that neighboring DNA regions interact more often together than distant ones. Moreover, a circular signal for 3 of these large scaffolds was clearly apparent on the contact maps, indicating that most of the circular chromosome was retrieved (pink arrowheads, Figure 2C ). Interestingly, secondary features characteristic of chromosome metabolism were also visible in some of the maps, such as cohesion of replichores initiated at the origin of replication ( Figure 2C ; Marbouty et al., 2015) . To support this observation, a dnaA gene homolog was identified at the crossing between this secondary and the main diagonal (no homologous could be find for the scaffold retrieved from the community 117328). dnaA is found at the origin of replication in most bacteria, and its presence at the edge of the secondary diagonal is highly consistent with recent analysis describing the role of the origin of replication during the cell cycle of Bacillus subtilis in chromosome folding . Other species such as Escherichia coli do not display such contacts, and their genomic contact maps are more similar to the one observed for community 110511 (Marbouty et al., 2014; MM and RK unpublished) . Alternatively, the read coverage suggest this species is not dividing, which may also account for the loss of cohesion between replichores unpublished data) . Among the six overlapping communities studied, two were made of several large core communities.
However, the reconstructed matrix did not display clear signal indicating a possible multipartite genome. Deeper deciphering of the structure of these particular overlapping communities will be needed to understand their full composition.
It is worth noting that this approach does not require multiple experiments: a single meta3C library generated with a single restriction enzyme will still bring an important amount of genomic information. Also, we noticed that overlapping communities sometimes contain well-individualized scaffolds that are connected through tenuous contacts. One interpretation is that some species or strains contain similar DNA sequences, including plasmids and phages, whose contact signal artificially bridges the genomes of different species. Although we searched for confirmation of this hypothesis within the reads, we could not confirm nor infirm this hypothesis, most likely because of lack of sequencing depth.
More analyses and studies should clarify these links in the future.
Overall, the first meta3C experiment performed on a truly complex natural microbiome, brings promising perspectives to this field by highlighting the power of contact genomics approaches to tackle ecological microbial complexity.
Material and Methods

Construction of a the meta3C library of a mouse gut microbiota
Feces from C57BL6 male moss were recovered and immediately suspended in 30 mL of TE buffer 1X supplemented with 3% of fresh formaldehyde. Fixation proceeded for 1h under gentle agitation. 10 mL of glycine 2.5M was added to the tube and the quenching was performed for 20 min. The resulting material was washed and recovered by centrifugation and store at -80°c until use. Meta3C libraries were then prepared as described in Marbouty et al. (2014) .
Illumina sequencing
Illumina sequencing was performed as described in Marbouty et al. (2014) .
Genome assembly
Reads containing undetermined bases were removed before the assembly step to retain only good quality reads. De novo assemblies were then performed using the program IDBA-UD (Peng et al., 2012) without pre-correction option and default parameters.
Binning of contigs using 3C contact data
An approach similar to the one described in Marbouty et al. (2014) , based on the Louvain method (Blondel et al., 2008) , was used to group the different contigs into communities reflecting the different genomes present in the sequenced mixtures. Before applying the algorithm, contigs were divided into 1-kb chunks corresponding to several nodes in the graph. In order to improve the reliability and stability of the clustering, five iterations of the Louvain algorithm were independently run on the dataset, using its non-deterministic heuristics to determine how often contigs clustered with each other. A set of six such clusters comprising large overlapping communities of contigs was selected for further reassembly by GRAAL.
GRAAL scaffolding of overlapping communities
The GRAAL algorithm was initialized with each set of contigs and an iterative assembly was performed for 10 iterations as described in Marie-Nelly et al. (2014a) . The principles of GRAAL scaffolding are described in Marbouty et al. (2014) and Marie-Nelly et al. (2014a) .
Briefly, after initialization with a set of contigs and the corresponding 3C contact data, GRAAL splits these contigs into smaller fragments that are tested several times to refine their position relative to each other. We used GRAAL to reassemble the contigs contained in each overlapping community previously selected from the Louvain clustering. Table 1 recapitulates the outcome of this scaffolding step, reflected by a strong increase in the N50 parameter and the generation of large (> 1 Mb) scaffolds exhibiting the properties of bacterial genomes. Contigs from a core community (left) were retrieved and used to build a genome index. The PE reads from the two meta3C libraries were mapped against this index and all the PE reads exhibiting at least one hit were retained for an assembly using IDBA-UD (middle). The scaffolding of the resulting contigs was performed using GRAAL (right). B, Examples of the contact map generated at each step of the process for 3 communities. From left to right: overlapping communities; contact map of the contigs obtained from the de novo assembly step; and contact map obtained after scaffolding with GRAAL. Quantifications of the assemblies are indicated. C, Contact map of the three main scaffolds obtain for the communities shown in panel B, right, after GRAAL processing (10 kb bins). Genomic positions are indicated on each map. The variation in coverage is indicated under each map, supposedly reflecting the growth rate of corresponding bacteria. Pink triangles point at the signal indicative of the circular nature of the scaffold, consistent with bacterial circular chromosome. A, Map of the 76 core communities containing each more than 1 Mb obtained after the five Louvain iterations. Color code range from 0 (blue) to 5 (red). B, Illustration of the process applied to recover overlapping communities. Different type of overlapping communities are illustrated: one that contain only one core above 500 Kb and one that contain two cores above 500 Kb . C, Analysis of three additional overlapping communities (see Figure 2B ). 
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